ABSTRACT: Laminar flame speeds of three pentanol isomer (1-, 2-, and 3-pentanol)−air mixtures were measured at equivalence ratios of 0.6−1.8, initial pressures of 0.10−0.75 MPa, and initial temperatures of 393−473 K using the outwardly propagating spherical flame. A recently developed kinetic mechanism of 1-pentanol oxidation (Dagaut model) was used to simulate the laminar flame speeds of 1-pentanol−air mixtures under experimental conditions. A comparison between simulation and measurement shows that the simulation yields good agreement on the stoichiometric and fuel-rich side, but it gives lower values on the fuel-lean side. A kinetic modeling study was performed, and several rate constants of selected elemental reactions were modified on the basis of the sensitivity analysis. The modified model gives good prediction on the laminar flame speed under all experimental conditions. The modified model is also validated against the jet-stirred reactor (JSR) experimental data, and it exhibits good prediction for most species. 1-Pentanol gives the fastest laminar flame speed, followed by 3-and 2-pentanol. 2-and 3-pentanol have very close values considering the experimental uncertainty. With the increase of the pressure, the difference in the laminar flame speed among pentanol isomers is decreased. The flame instability of three pentanol isomers was also analyzed. 2-and 3-pentanol have similar instability behavior with a close density ratio, flame thickness, and Lewis number, while 1-pentanol shows slightly high instability behavior. In comparison to 2-and 3-pentanol, 1-pentanol has a smaller critical radius and Peclect number, and this suggests its high instability behavior.
INTRODUCTION
With an increasing demand for environmental protection and energy savings, the research of alternative clean fuels has been attracting more and more attention. Researchers have conducted a large number of studies to research more efficient production of clean alternative fuels. Alcohols, as a representative of biofuels that can be derived from biomass, are attracting the attention from governments, industrial sectors, and scientists. Up to now, most of the studies on alcohols concentrate on low-carbon alcohols, such as methanol and ethanol. Some fundamental studies on fuel pyrolysis and oxidation kinetics, fuel ignition, and laminar flame speed as well as the operation of alcohol−diesel and alcohol−gasoline on engines have been conducted. 1−4 With the development of production technology, interests in propanol, butanol, and pentanol have increased recently. Pentanol, with five carbons, exhibits even better combustion characteristics and high energy density. Studies by Nielsen et al. 5 and Cann and Liao 6 showed that pentanol and its isomers were very promising alternative fuels. In comparison to low-carbon alcohols, pentanol is a better non-hygroscopic, less corrosive fuel, with a close octane number to that of gasoline, higher heating value close to gasoline, higher vapor pressure to make it safer in storage and transportation, easier to mix with gasoline at various proportions, and improved cold-start performance in engines. 7, 8 The physical parameters of different fuels are compared in Table 1 .
Several kinds of methods have been developed to more efficiently produce pentanol and its isomers. Pentanol, as one kind of biofuel, can be produced through fractional distillation of fossil oil and fermentation. It can also be produced in the Escherichia coli and terpenoid pathway and the Fischer− Tsopsch process. 6,11−13 Engineering-scale production of pentanol was also tested in the past several years, and further work is underway to search for cost-effective methods for the production of biopentanol.
Up to now, only limited studies on fundamental combustion of pentanol were reported. Kinetic mechanisms of n-pentanol and isopentanol were developed by Dagaut and co-workers 7, 14 They extended the reaction mechanisms from previous scheme for the oxidation of lighter hydrocarbons or alcohols. Stable species concentration profiles were measured in a jet-stirred reactor (JSR) at 10 atm and various equivalence ratios, and the proposed model could give a good prediction. Engine studies on alcohol fuels containing pentanol were also reported. 9, 15, 16 To provide a greater understanding of the combustion behavior and to extend the application of pentanol, a further fundamental study on pentanol is necessary. Fuel property varies with its structure. Fuel isomers possess the same thermodynamic and transport properties but different chemical properties. Previous studies have been reported on the propanol and butanol isomers. Veloo and Egolfopoulos 13 studied the laminar flame speed and extinction strain of propanol isomers. Their experimental results showed that npropanol demonstrated a higher laminar flame speed and extinction strain than those of isopropanol. Through sensitivity and reaction path analyses, they summarized two major contributors to this difference. One contributor is higher concentrations of propene in the isopropanol flame, which results in relatively unreactive allyl radicals. Another contributor is higher concentrations of formaldehyde reacting readily to form formyl radicals, which are overall reactivity enhancers. Veloo and Egolfopoulos 17 and Gu et al. 18 conducted the kinetic modeling of laminar flame speed for four butanol isomers. Both studies indicated that n-butanol gave the fastest flame speed, followed by isobutanol and sec-butanol, while tert-butanol gave the slowest flame speed. Moss et al. 19 and Sarathy et al. 20 developed the oxidation kinetics for the four butanol isomers. Dominant reaction pathways were provided, and simulations with mechanisms were compared to experimental data, including premixed laminar flame speed, ignition delay, and premixed flat flame species profiles. A reasonably good agreement was achieved. Pentanol has eight isomers because of the different positions of −OH and −CH 3 . Some physical properties of pentanol isomers, such as viscosity, density, and self-diffusion, have been studied in the past decade. 1,21−23 Very recently, thermal decomposition of pentanol was reported. 8 Temperature-and pressure-dependent Rate constants for the dominant reaction channels were computed, and the difference with butanol was analyzed.
In this study, an experimental and kinetic study on laminar flame characteristics of the three pentanol isomer (1-, 2-, and 3-pentanol)−air mixtures was conducted. As shown in Figure 1 , these three pentanol isomers have a similar structure with the straight carbon chain and one hydroxyl attached. The only difference is the position of hydroxyl attached to the carbon. Experiments were performed at equivalence ratios of 0.6−1.8, three initial temperatures (393, 433, and 473 K), and four initial pressures (0.1, 0.25, 0.5, and 0.75 MPa), using an outwardly propagating spherical flame and high-speed schlieren photography. First, laminar flame speeds of 1-pentanol at various temperatures and pressures were measured. The kinetic model was modified on the basis of the recently developed mechanism by Togbéet al. 7 Second, a comparison on the laminar flame speed of three pentanol isomers was made. Finally, the flame instability of three pentanol isomers was analyzed.
EXPERIMENTAL AND NUMERICAL APPROACHES
2.1. Experimental Approach. The experiment apparatus has been described in detail in refs 24 and 25. A brief description is given here. The experimental apparatus consists of four parts, including a heating system, a photography acquisition system, an ignition system, and a constant volume combustion bomb. A high-speed camera with a speed of 10 000 frames per second was used to record the flame images. The bomb was heated with the heating tape wrapped around the bomb. When the bomb is heated to the experimental temperature, the liquid fuel is injected into the bomb with a syringe. Oxygen and nitrogen are introduced according to their partial pressures. Ignition starts after keeping for 10 min. To ensure a full vaporization of liquid fuel, the partial pressure of liquid fuel in all mixtures is below 70% of its saturated vapor pressure. Experiment tests show that 10 min is sufficient for the vaporization of pentanol isomers and to form a homogeneous mixture. For each condition, experiments are repeated 3 times to ensure its repeatability.
For a spherically expanding flame, the raw flame radius, r f (t), is derived directly from the photography. The flame propagation speed is derived by S b = dr f /dt. The flame stretch rate is calculated by κ = 2S b / r f . At the early stage of flame propagation, there exists a linear relationship between the flame propagation speed and stretch rate,
26 Through linear regression, the unstretched flame propagation speed, S b 0 , and Markstein length, L b , are obtained. The laminar flame speed is obtained through S u 0 = (ρ b S b 0 )/ρ u based on mass conservation across the flame front. ρ u and ρ b are the unburned and burned gas densities, respectively. The adiabatic temperature, T ad , and gas density are calculated through thermal equilibrium. The radii used to derive the laminar flame speed in this paper are in the range of 6− 25 mm to eliminate the effects of ignition energy and pressure rise. 25, 27, 28 In addition, the radius is restricted by the occurrence of the cellular structure. All data of laminar flame speeds of pentanol isomers are provided in the Supporting Information of this paper.
2.2. Kinetic Model. Simulation on laminar flame speeds was performed using the Chemkin and Premix codes. 29, 30 The kinetic model (Dagaut model) used in this study was developed on the basis of the measured species concentration in JSR and the previously proposed C1−C4 alcohol oxidation mechanism. 7 It contains 2099 reactions and 261 species. In addition, modification on the Dagaut model was made to obtain better predictions on the measured laminar burning velocities and in comparison to JSR experimental data.
RESULTS AND DISCUSSION

Laminar Flame Speed of 1-Pentanol and Kinetic
Analysis. Figure 2 shows the variation of the flame radius versus time for the stoichiometric 1-pentanol−air mixture at different initial temperatures and pressures. The linear relationship between flame radius and time is presented. An increasing temperature or a decreasing pressure will increase the flame propagation speed. Figure 3 shows the stretched flame propagation speeds versus stretch rate at different initial temperatures and pressures for the stoichiometric 1-pentanol−air mixtures. A linear relationship between the stretched flame propagation speed and stretch rate is presented. The stretch rate decreases with the increase of the flame radius. Flame propagation speeds up as the flame develops. When the radius tends toward infinity, the stretch rate reaches zero. The unstretched flame propagation speed is derived through extrapolation of the stretched flame propagation speed versus stretch rate to the zero stretch point. Figure 4 gives both measured and simulated laminar flame speeds of 1-pentanol−air mixtures versus equivalence ratio at three initial temperatures and four initial pressures. A reasonable prediction is presented at the stochiometric and rich mixtures. Simulation underpredicts the laminar flame speed at the lean mixture side but represents the tendency well. Laminar flame speeds reach their peak values at an equivalence ratio of 1.1. A comparison suggests that further improvement on the kinetic model is required to make it more accurately predict at lean mixture. The decreasing trend in the laminar flame speed becomes weakening as the pressure increases. Figure 5 gives the relatioship between the adiabatic temperature, T ad , and equivalence ratio. The adiabatic temperature is relatively sensitive to temperature rather than pressure. This suggests that temperature contribution to the laminar flame speed is stronger than pressure. Sensitivity analysis in Competition between chain branching reactions and chain termination reactions determines the laminar flame speed variation tendency. Experimental results implicate that the effect of chain branching reactions increases with the increase of the temperature and pressure.
On the basis of the sensitivity analysis from the effect of the equivalence ratio, as shown in Figure 6a , a modification is made on the Dagaut model. Several reaction rates are updated in values by referencing the latest literature. The modified rate constants of the targeted reactions are listed in Table 2 .
Simulations on laminar flame speeds were conducted using the modified model. Figure 7 gives the comparison between the simulated and measured laminar flame speeds. It can be seen that the modified model can accurately predict the laminar flame speeds at all equivalence ratios, temperatures, and pressures.
To validate the modified model for 1-pentanol combustion besides laminar flame speed, the modified model was also validated against the JSR data by Togbéet al. 7 A comparison between modified model and Dagaut model predictions on species concentration was also made. Figure 8 gives the Figure 11 shows laminar flame speeds versus equivalence ratio of three pentanol isomers at 393 K and 0.1 MPa. 1-Pentanol gives a higher laminar flame speed than those of 3-and 2-pentanol. This is consistent with the previous study that n-alcohol gives the highest laminar flame speed among all isomers. 34 2-and 3-pentanol give almost the same laminar flame speeds.
To further analyze laminar flame behaviors of three pentanol isomers, extended experiments were carried out at an initial temperature of 433 K and four initial pressures, as shown in Figure 12 . Consistent with the behavior in Figure 11 , 1-pentanol gives the highest laminar flame speed among three pentanol isomers at the elevated pressures. At a pressure of 0.1 MPa, the difference between 1-and 2-and 3-pentanol is increased when the temperature changes from 393 to 433 K. At elevated pressures, the difference among three pentanol isomers is decreased. An increasing temperature increases the laminar flame speed, while an increasing pressure decreases the laminar flame speed.
The adiabatic flame temperature, T ad , is a very important parameter for the laminar flame. It has a positive relationship with the laminar flame speed. Figure 13 gives the adiabatic flame temperatures for three pentanol isomers. A small difference in the adiabatic flame temperature is presented. An enlargened graph shows that the adiabatic flame temperature of 1-pentanol is higher than those of 2-and 3-pentanol. Almost no difference between 2-and 3-pentanol is demonstrated. The behavior of the adiabatic flame temperature among three pentanol isomers is consistent with the behavior of the laminar flame speed among three pentanol isomers.
The molecular structure plays an important role in the laminar flame speed. Previous studies covered some kinds of hydrocarbon and alcohol isomers. 13, 17, 34, 35 In comparison to OH branched-chain alcohols, OH straight-chain alcohols give a higher reaction rate. 13, 17, 34, 35 Their influences on the following reactions contribute to the higher reaction rate of OH straightchain alcohols:
(a) In OH straight-chain alcohol flames, notably higher concentrations of formaldehyde are formed, which, in turn, lead to the formation of more formyl radicals. Formyl radicals are a very important chain-branching reaction through R1 to generate H and CO and contribute to the increase in the reaction rate.
(b) OH branched-chain alcohols produce more CH 3 radicals, which, in turn, consume H through recombination reaction R2.
(R2) (c) Carbons are easily consumed through molecular dehydration and form stable species of alkene and water when hydroxy (OH) attaches on β-carbon and γ-carbon compared to α-carbon. This will decrease the reaction rate.
3.3. Flame Instability. Both diffusional−thermal instability and intrinsic hydrodynamic instability were analyzed in this study. Intrinsic hydrodynamic instability caused by a density jump across the flame front becomes more important at an elevated pressure. It can be analyzed by the density ratio and flame front thickness. 36, 37 The flame front thickness and density ratio are calculated via equations l f = v/S u 0 and σ = ρ u /ρ b . A decrease in the flame front thickness and an increase in the density ratio enhance the hydrodynamic instability. Diffusional−thermal instability caused by non-equal diffusion between heat and mass can be assessed by the Lewis number (Le), the ratio of mixture thermal diffusivity/mass diffusivity. 28,38−41 Markstein length, L b , is a parameter characterizing the effect of stretch on flame propagation and reflects flame instability. A negtive value of Markstein length corresponds to an unstable flame front structure, and a positive value of Markstein length corresponds to a stable flame front structure. A high Markstein length indicates a highly stable flame front as the flame develops. Figure 14 gives the Markstein lengths of three pentanol isomers at 0.1 MPa and 393 K. The Markstein length decreases monotonically with the increase of the equivalence ratio. Markstein lengths of three pentanol isomers give close values, and this indicates the same flame front stability and/or instability behavior for the three pentanol isomers. Table 3 gives the parameters that reflect the flame instability for three pentanol isomers at 393 K, 0.1 MPa, and various equivalence ratios. They are flame front thickness l f , density ratio σ of unburned mixture/burned mixture, and Lewis number. Close values in parameters are presented at a fixed equivalence ratio among three pentanol isomers, especially for 2-and 3-pentanol. 1-Pentanol gives a smaller flame thickness and higher density ratio than those of the other two isomers, reflecting its higher hydrodynamic instability behavior than those of the other two isomers. Meanwhile, Le of 1-pentanol is smaller, which indicates its higher diffusional−thermal instability behavior. Thus, 1-pentanol has a higher flame front instability tendency than those of the other two isomers. The flame front just reflects the diffusional−thermal instability because hydrodynamic instability is not significant at atmospheric pressure. The difference is small, which is also demonstrated in the photos. Figure 15 gives the flame propagation photos of three pentanol isomers at a rich mixture (ϕ = 1.6). The photos show similar flame front morphology at the same flame radius among three pentanol isomers. Some cracks appear at the beginning of flame propagation, but the number of cracks does not increase. Table 4 gives the instability characterizing parameters of three pentanol isomers at 433 K and ϕ = 1.1 at four initial pressures. The corresponding schlieren photos at a specified flame radius are provided in Figure 16 . With the increase of the pressure, the flame thickness (l f ) is decreased and the density ratio (σ) is increased, with little variation in the Lewis number (Le). This reflects the enhanced hydrodynamic instability and insusceptible diffusional−thermal instability as pressure is increased. At low pressure (0.1 MPa), a smooth flame front is presented during flame propagation. At a pressure of 0.25 MPa, cracks appear on the flame front surface. When the pressure is further increased (0.5 and 0.75 MPa), the flame front surface tends to be more unstable and a cellular structure occurs. At an elevated pressure, the cellular structure of 1-pentanol is stronger than those of the other two isomers.
During flame propagation, the changing on the flame front structure will result in the variation of flame characteristics, such as cellular structure and cracks. The occurrence of the cellular structure at the flame front increases the flame front area, leading to a rapid increase in flame speed. This phenomenon easily occurs at an elevated pressure. Bechtold and Matalon 42 defined the onset radius of the cellular flame front structure as the critical radius, R cr . In this study, we adopt the method by Jomaas et al. 43 to give the R cr . A dimensionless critical Peclet number, Pe cr , which is the ratio of R cr to flame thickness, l f , is also used to reflect flame instability. Figure 17 gives the stretched flame speeds of 2-and 3-pentanol versus stretch rate at 0.5 MPa and three equivalence ratios. The onset of the cellular structure is presented for rich mixtures of these two pentanol isomers. Figure 18a gives the R cr of three pentanol isomers versus equivalence ratio at elevated pressures (0.5 and 0.75 MPa). R cr decreases with the increase of the equivalence ratio for the three pentanol isomers, indicating the enhancement of cellular structure development when the mixture is enriched. For a lean mixture, the diffusional−thermal instability is suppressed (Le > 1) and the flame is hard to develop into the cellular structure, at least within the observable window. 2-and 3-pentanol give the approximate critical radius, while 1-pentanol gives a smaller critical radius. This indicates the easily unstable flame front for 1-pentanol, which is consistent with the observation in flame photos in Figure 17 . The decrease of R cr corresponds to the advancement of the onset of flame cellularity. Figure 18b gives the critical Peclet number versus equivalence ratio for three pentanol isomers at elevated pressures. Similar to R cr , Pe cr decreases monotonically with the increase of the equivalence ratio. 1-Pentanol gives a lower Pe cr than those of 2-and 3-pentanol.
CONCLUSION
Laminar flame speeds of three pentanol isomers (1-, 2-, and 3-pentanol) were measured, and kinetic analysis on 1-pentanol was made by both Dagaut and modified models. All data of laminar flame speeds for pentanol isomers (Tables  S1−S5 ). This material is available free of charge via the Internet at http://pubs.acs.org.
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